An accurate description of the electrical properties of atoms and molecules is critical for quantitative predictions of the nonlinear properties of molecules and of long-range atomic and molecular interactions between both neutral and charged species. We report a systematic study of the basis sets required to obtain accurate correlated values for the static dipole (ar,), quadrupole ((Ye), and octopole ((rs) polarizabilities and the hyperpolarizability ( y) of the rare gas atoms He, Ne, and Ar. Several methods of correlation treatment were examined, including various orders of Moller-Plesset perturbation theory (MP2, MP3, MP4), coupled-cluster theory with and without perturbative treatment of triple excitations [CCSD, CCSD(T)], and singles and doubles configuration interaction (CISD) . All of the basis sets considered here were constructed by adding even-tempered sets of diffuse functions to the correlation consistent basis sets of Dunning and co-workers; With multiply-augmented sets we find that the electrical properties of the rare gas atoms converge smoothly to values that are in excellent agreement with the available experimental data and/or previously computed results. As a further test of the basis sets presented here, the dipole polarizabilities of the F-and Cl-anions and of the HCI and NZ molecules are also reported.
INTRODUCTION
The success or failure of a specific prescription for the construction of basis' sets for the calculation of atomic and molecular wave functions lies in the range of applicability and the degree of accuracy that the sets possess for describing the problems of interest. The methodology of correlation consistent basis sets' provides a systematic means of approaching' the complete basis set limit and, therefore, provides an internal yardstick for measuring the accuracy of each set in the series. For systems and methods where a sufficiently wide range of sets can be used, the convergence characteristics of the correlation consistent basis sets makes it straightforward to determine the intrinsic error of a quantity determined at any given level of hb initio theory." The purpose of the present work is to evaluate the ability of these sets to describe the static electrical properties of atoms and molecules and to determine, as necessary, the manner in which to systematically expand the sets to improve their performance for this task. The species. that were investigated were limited to the rare gas atoms (Ne, He; and Ar) , the duoride and chloride anions, and the HCl and N2 molecules; where very large one-electron basis sets could be used. We expect the conclusions drawn here to be generally applicable to other atomic and molecular systems.
An accurate description of atomic and molecular polarizabilties is important in a surprisingly wide range of physical phenomena. The second-order Stark effect arises from the response of a polarizable charge distribution to an external electric field.3 Rayleigh and Raman scattering represent interactions between photons and bound electrons,4 mediated by the polarizability (Rayleigh scattering gives rise to macroscopic refraction). An accurate description of polarizabilities, as well as the permanent moments, is also critical to accurately describing intermolecular interactions and weak long-range interactions of molecules with condensed matter substrates5 Polarizabilities are also important in determining dielectric constants6 via the ClausiusMossotti relation. Dispersion forces even become a relevant issue in the manipulation of surface atoms using a scanning tunneling microscope. ' The emphasis here will largely focus upon the determination of the static dipole polarizabilty (at), although higher polarizabilties and the second dipole hyperpolarizability will also be investigated.
There have been many previous calculations of dipole and higher polarizabilities, especially for the rare gas atoms. It is well known that diffuse polarization functions are critical for calculating accurate polarizabilities. However, in spite of the wealth of previous experience, there is still a need to determine the systematics of the calculations, especially for the new correlation consistent basis sets. It has been demonstrated previously that correlation consistent basis sets lend themselves to making definitive evaluations of methodology and basis set quality for strong chemical bonds and relative energetics in diatomic2 and triatomic8 systems as well as hydrogen-bonded systems ' and even weak van der Waals systems such as Ar, and other rare gas dimer interactions." The present work investigates their suitability for describing the static electrical properties of atoms and molecules.
Section II reviews the prescription for constructing correlation consistent basis sets and describes how they aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z (lslpld) (lslpldlf ) (lslpldlflg) (lslpldlflglh) (Islpld) (lslpldlf ) (lslpldlflg) (lslpldlflglh) atomic and molecular properties. In Sec. III, we briefly discuss the use of the finite-field approach for calculating the static electric response properties of atoms and molecules. Section IV details the results of the calculations of the static dipole (ai), quadrupole ( a2), and octopole ( 03) polarizabilities and the (dipole second) hyperpolarizability (y) of the rare gas atoms, He, Ne, and Ar, while Sec. V presents the calculations of the dipole polarizability of the F-and Cl-anions and the HCl and N2 molecules. Section VI then summarizes our conclusions.
II. CORRELATlON C6NSISTENT BASIS SETS
Although the methodology behind the construction of the correlation consistent basis sets has been discussed. previously'(a)-l(C) (papers I-III in this series), a brief review will make it easier to introduce the extended sets. The observation'@)," that the differential correlation energy contributions from individual basis functions tend to fall into well defined groups led to the concept of correlation consistent basis sets. Thus, the cc-pV( Xf 1)Z set is derived from the cc-pVXZ set12 by adding an entire shell of functions, all of which make approximately equal contributions to the correlation energy of the atom. The primitive and contracted set sizes for H, He, and first and second. row main group elements are listed in Table I: The cc-pV( X+ 1)Z set extends the cc-pVXZ set by adding functions of the next higher angular symmetry and by including an additional function in each of .the remaining angular symmetries. For example, the lowest quality cc-pVDZ set includes functions of spd symmetries, so the cc-pVTZ set includes f functions,for the first time, as well as an additional set of spd functions. The correlation consistent basis sets are the fastest converging, most efficient series of Gaussian sets available for calculating atomic energies. Sets for H and B to Ne were presented in papers I and II in this series, and sets for Al to Ar were released in paper III. Correlation consistent sets for He (double through quintuple zeta quality) are given in Table II of the  present work. It is well known that additional diffuse functions must be added to a standard atomic basis set in order to -accurately describe the electronic structure of anions. They can be equally critical for quantitative prediction of properties, such as the dipole moment, which sample the outer regions of the wavefunction. Diffuse functions can also play an important role in providing an accurate description of excited states (i.e., by removing the bias for one state with respect to another) and in describing the long-range interaction of atomic and molecular systems. When paper II developed the augmented correlation consistent sets (augcc-pVXZ) for H and B to Ne, the exponents of the diffuse functions were optimized for the anion energies. However, an exhaustive study of one-and two-electron properties of water by Feller13 suggests that the augmented sets are suitable for modeling atomic and molecular properties as well.
For both Ne and Ar, where the anions are not stable, the exponents for the diffuse functions were determined by, extrapolating from the two closest atoms (0 and F for Ne, S and Cl for Ar). For He (see Table II ), the diffuse functions were determined using the corresponding standard and augmented cc-pVXZ sets for H: the ratio between the. most diffuse exponents in the standard H sets and the optimized diffuse functions in the corresponding augmented H sets were used to extend the standard He sets. One purpose of the current work is to evaluate the validity of this method of selecting diffuse functions for the rare gas atoms.
In the process of making this evaluation we have explored sets that include more diffise functions than are present in the augmented correlation consistent sets, where only one diffuse function was added for each angular symmetry present in the standard cc-pVXZ set. Two extended sequences were investigated for all seven species studied here. The doubly-augmented polarized valence correlation consistent basis sets (d-aug-cc-pVXZ) include two diffuse functions of each symmetry, and the tr@y-augmented polarized valence correlation consistent basis sets (t-aug-ccpVXZ) likewise include three diffuse functions. For Ne, F-, and Cl:, we have also employed quadruplyaugmented polarized valence correlation consistent basis sets (q-aug-cc-pVXZ). The functions become more and more diffuse as the sets are extended and represent an at- tempt to saturate the radial component of function space in an outward direction. The even-tempered parameters (a$) for determining all of the functions used subsequently are given in Table III . The exponents for the additional functions in the d-aug-cc-pVXZ sets are given by a/3, the exponents for the extra functions in the t-aug-ccpVXZ sets are given by af12, and so on. Here, a is the smallest exponent in the aug-cc-pVXZ set and p (~ < 1) is taken from the ratio of the two most diffuse functions in the set (i.e., in contrast to the usual even-tempered sequence, the present usage proceeds from the diffuse function with the largest exponent to functions with increasing smaller exponents). In Sec. IV we will often refer to these extended sets as x-aug sets [x=d(oubly), t(riply), and q(uadruply) augmented; in this vein, the aug-cc-pVXZ sets may be denoted as "singly-augmented"].
In the calculations on neon we made an effort to optimize exponents explicitly for specific polarizabilities as well. This tended to be an unsatisfactory exercise beyond a certain point due to strong couplings between the basis set and both polarization and correlation effects,14 but it is another means of evaluating the augmentation procedure discussed above. We find that the coupling can be reduced if the exponents for the s and d functions are optimized for the dipole polarizability, the p and f exponents for the quadrupole polarizability, and the g exponent for the octopole polarizability. This is consistent with the importance of these functions for the noted properties. .
POLARlZABlLlTlES VIA FINITE FIELD CALCULATIONS
The static electrical properties of atoms .may be deter: mined in a straightforward manner by calculating' the change in the energy of the atom in response to a variable electric field, field gradient, or higher derivatives. The response function for 'S states can be expanded in even payers of a polynomial as ) where cross terms have been omitted. The electric field,. field gradient, and second derivative of the field are F, F', and F", respectively; al, a2, and a3 are the dipole, quadrupole, and octopole polarizabilities; and y is the dipole second hyperpolarizability. This is the commonly used notation for atomic properties, as noted in the recent work of Bishop and Pipin.15 In practice, one determines the response to F, F', and F" separately. The coefficients for a2 and a3 were chosen to be consistent with atomic usage.16 Some investigators denote the quadrupole polarizability as C.t7*18 The quadrupole polarizability a2 is (usually) twice the value of C. The response function for the 'B molecular states of HCl and N2 is a modified form of ( 1) which reflects the nonspherical nature of the charge distribution for these species. The present calculations have been performed using the MoLPR092 program suite." MOLPR092 allows the user to explicitly add electric fields and/or field gradients to the one-electron Hamiltonian. For the determination of the ,-dipole polarizabilities and the hyperpolarizabilty, fields strengths from 0 to 0.008 a.u. in steps of 0.001 a.u. have been used and a polynomial was fitted to the data. Quadrupole polarizabilities were determined more crudely, by examining only the unperturbed atom and calculations with field gradients of ~0.001 a.u. Since MOLPR092 does not possess the capability of adding an octopolar Ff' field, appropriate fields were generated using point charges. A value of F"=O.OOl a.u. can be generated by placing charges of h90e at Z= +3Oa, -and =F 360e at Z= 1t6Oac.. Although this only approximates an octopolar field, it does eliminate F and F' fields at the origin. A number of ab initio methodologies were used in this work: (restricted) Hartree-Fock ( RHF) , Marller-Plesset perturbation theory through fourth order (MP2, MP3, and MP4), and singles and doubles coupled-cluster theory without (CCSD) and with the perturbative approximation for inclusion of triple excitations" [CCSD (T) ].21 For neon, we have also included singles and doubles configuration interaction (CISD). Only valence electrons were correlated throughout. The convergence criteria for SCF, CCSD, and CISD energies were set to lo-" Ek or tighter in order to ensure accurate differential energy changes.
IV. ELECTRICAL PROPERTIES OF Ne, He, AND Ar
The neon atom was chosen to be the test case for the calculation of the static electrical properties of the rare gas atoms. The methodology established for neon was then applied to the other rare gas atoms.
A. Ne
cc-pVXZandx-aug-cc-pVXZsefs
Values for the dipole properties ai and y for neon were computed using 18 different basis sets (double through quintuple zeta cc-pVXZ, aug-cc-pVXZ, and d-aug-cc-pVXZ sets, and the double through quadruple zeta t-augcc-pVXZ and q-aug-cc-pVXZ sets) and seven levels of theory [RHF, MP2, MP3, MP4, CCSD, CCSD(T), and CISD]. The results are summarized in Tables IV and V. There are two different basis set dependencies that can be examined for (rl and y: (1) the XZ dependence of each series (cc-pVXZ, aug-cc-pVXZ, and so on); and (2) the x-aug dependence of the double through quadruple zeta sets. For the properties.of interest here, the XZ dependence is only.moderately informative; it does reflect the importance of successive levels of augmentation, but it can be difficult to discern trends from the numbers. On the other hand, the x-aug dependence is a means of ascertaining the appropriate limit through a specific level of angular symmetry. In the case of electrical response properties, where functions of certain symmetries tend to be critical for making accurate predictions, the latter dependence tends to be more informative. Since the abscissa is now the number of diffuse functions, it is very straightforward to determine the convergence as a function of the diffuseness of the basis. Of course, the complete basis set limit can only be ascertained by an extrapolation in both XZ and x-aug. However, as we shall see, convergence is rapid and the best calculations are very near the "complete" basis set limit.
Figures l(a) and l(b), and 2(a) and 2(b) depict the trends in al and y using RI-IF and MP2 wave functions for the two functional dependencies described earlier. For both XZ and x-aug dependence, the higher quality sets converge most rapidly and smoothly toward the basis set limit for both dipole properties. However, a comparison of the respective plots for XZ and x-aug dependence readily illustrates the greater usefulness of the latter.
Let us first consider o1 at the MP2 level. The XZ dependence of this property, Fig. 1 (a set. The standard cc-pVXZ series is so far from the limit and the variation possesses so little curvature that a meaningful extrapolation is impossible. The aug-cc-pVXZ series converges smoothly to a number slightly larger than the experimental value, while the d-aug-cc-pVXZ series varies little with basis set (as do the triply-and quadruplyaugmented series, which are not shown). Actually, the fact that the value of al derived from the d-aug-cc-pVDZ set is already near the limit is the key to understanding the basis set behavior of this property-it indicates that functions of greater than d symmetry are not needed for describing the dipole polarizability. The situation is clearly evident in the corresponding x-aug plot, Fig. 1 (b) . Here we see that the DZ series converges quickly and to nearly the same value as the TZ and QZ series. This indicates that basis sets that contain only d functions can provide accurate predictions of atomic polarizabilities as long as sufficiently diffuse functions are included in the set. f functions increase the calculated polarizability by less than l%, and g functions have a negligible effect. The trends observed for a1 are more pronounced for y. For the XZ dependence shown in Fig. 2 (a) , the variation of y is irregular for both the aug-cc-pVXZ and d-aug-ccpVXZ series. Only for the triply-augmented sets does a well behaved convergence pattern emerge. Once again, the behavior of the x-aug dependence is straightforward to interpret. The TZ series converges to an MP2-liiit that is about 25 a.u., or 28%, above the limit with the DZ series. The QZ series shows no further improvement. Thus, for y,f functions are quite important, and g functions are significantly less important, a fact noted previously by Taylor et al. '* The relative importance of diffuse functions for al and y can also be very easily seen from the x-aug dependence. The dipole polarizability-converges with only two diffuse functions. For the hyperpolarizability, at least three diffuse functions are necessary in order to approach the limiting value. Of course, the need for three functions must be taken as a less-than-optimal scenario since an eventempered expansion of diffuse functions will not necessarily span the function space with maximal efficiency.
Fits of the x-aug series were attempted using a threeparameter exponential function whose form and rationale has been discussed elsewhere.' This is the first time this function has been used for fitting an x-aug expansion, but it performs just as well as it previously has for XZ dependence. Unfortunately, with only three or four data points and a function with three parameters, there is not much meaning to "error of the fit." It is, however, usefui to consider the difference between the last data point and the estimated CBS limit-this is 'a direct measure of the completeness of the basis set.
For the XZ dependence of al, only the aug-cc-pVXZ series can extrapolated, while for the x-aug dependence, all three levels of basis sets can be extrapolated. The problems fitting the XZ dependence become even worse for other properties, but the x-aug dependence can be fit reliabiy for all of the properties considered here. We have chosen to adopt the extrapolated limits of the x-aug dependence as our yardstick for evaluating basis set performance in describing the properties of the rare gas atoms. In the case of the dipole polarizability, the DZ, TZ, and QZ x-aug expansions for all seven methods converge to essentially the same number, within the-error of the fit. For example, the RHF values only range from 2.36 to 2.38 a.u. For purposes of comparison, the values for the x-aug-ccpVQZ limits will be used: RI-IF (2.38), MP2 (2.71), MP3 (2.59), MP4 (2.72), CCSD (2.63), CCSD(T) (2.68), and CISD (2.60). The CCSD(T) value of a1 is in excellent agreement with experiment, with the MP2 and MP4 values being of comparable accuracy. CCSD, CISD, and MP3 all undershoot, but only by a few percent. The RHF value is nearly 90% of the experimental value, leaving only 10% to be recovered by correlation (a finding previously observed by &e"4,25 and others). For the hyperpolarizability, f functions play an important role as can be seen from the gap between the DZ and TZ values, e.g., 87.6 a.u. vs 112.9 a.u. for the MP2 calculations. The TZ and QZ limits, on the other hand, do not vary by more that 5 a.u. (or 5%). Thus, f functions are quite important for the calculation of accurate values for 'y, while g functions are only moderately important. As above, the limiting values of the x-aug-cc-pVQZ series can be used to make comparisons between the methods; they are RHF (69.2), MP2 (110.6), MP3 (90.4), MP4 (119.2), CCSD (100.7), CCSD(T) (109.4), and CISD (94.9). The pattern is nearly the same as for al, but with more pronounced differences. Comparison of the RHF and experimental results indicates that electron correlation accounts for approximately 35% of the total value. Again, the CCSD(T) value is closest to the experimental value, but the MP2 result is only marginally larger than the CCSD(T) number. MP3, CISD, and CCSD undershoot by about 17%, 12%, and 6%, respectively, while MP4 overshoots by approximately 10%.
Our x-aug-cc-pVQZ llmit'ing values for al and y agree very well with previous work where efforts were made to saturate sets for dipole properties (and sometimes for higher effects as well). Cernusak ef al. 26 determined values of a,=2.712 a.u. and y= 104.6 a.u. using MP4 theory and a basis set that included partially optimized d and f functions. Our value of al is essentially the same, but our result for y is 15 a.u. larger because of the extra diffuse functions included in our sets. Maroulis and ThakkarT7 reported y= 113.9 au. with a partial CCSD wave function using Cernusak's26 basis set, which they modified in order to improve the quadrupole polarizability. Chong and Langhoti8 report CCSD(T) values of ai=2.684 a.u. and y= 111.0 a.u., which are almost identical to ours. Their basis set, like ours, was designed to thoroughly span exponent space (through f-type functions) without being explicitly optimized. A recent value for y of 106=!=5 a.u. by Christiansen and Jsrgensen29 was computed using a large restricted active space (RAS) wave function with single through quadruple excitations and is in excellent agreement with Shelton's experimental value. Several studies by Taylor, Rice, and co-workers'8'24>25 have approached this problem with a thoroughness similar to that applied in the present investigation. They too have considered sets that include spdfgh functions, and they have also utilized an eventempered expansion of diffuse exponents. Their values for a,'are essentially the same as Correlation consistent basis sets were also employed to determine the quadrupole (a2) and octopole (aj) polarizabilities of Ne for a subset of the methods used for the dipole properties. The numbers (in Table VII ) were calculated with a cruder application of tht finite field method than used for the dipole properties, the response to one field strength ( At.001 a.u. for a2 and 0.001 a.u. for as). This approach is usually sufficient to obtain accurate values for polarizabilities, however. " Figures 3 (a) and 3(b) depict the XZ and x-aug dependence of a2 for Ne. Once again, the trends are more visibly evident in the x-aug plot. Functions off symmetry are clearly more important for a2 than a,. The DZ values in Fig. 3(b) show s, p, and d functions make a net contribution that amounts to less than half of the QZ limiting values. There is little improvement in a2 even when three or four diffuse s, p, and d functions are added to the ccpVDZ set. Use of the TZ sets essentially eliminates the error. There is little change in the calculated a2's with the QZ sets; thus, g functions are of minor importance. Sufficient diffuse character is only achieved when three diffuse functions have been added. Extrapolated limits for a2 from the x-aug dependence are given in Table VIII . Since there are no experimentally determined values for either a2 or a3, the CBS limit of 7.52 a.u. from the QZ sets and the CCSD (T) wave function will be used for evaluating the other levels of theory. The corresponding MP2 and MP4 values of 7.66 and 7.68 a.u., respectively, both slightly overshoot. The value of a2 from the RHF calculation& is 86% of that obtained from the CCSD (T) calculations.
There have been fewer previous calculations of a2 than for a1 and y. Our calculations are again in good agreement with previous work. RI-IF/x-aug-cc-pVQZ limits are very close to these numbers, with a tendency to slightly overestimate. Finally, we also determined values for the octopole polarizability, a3. Results with the various basis sets and RHF, MP2, and MP4 methods are shown in Table VII . The x-aug behavior is plotted in Fig. 4 . A large jump in the magnitude of a3 occurs when g functions are present for the flrst time in the QZ series. Whereas the value a1 was near the limit with two sets of diffuse functions and a2 with three, a3 changes even when the fourth set of ditfuse functions are added. The x-aug limits for a3 are inTable VIII. The IMP2 and MP4 limits for the QZ series are very similar, about 47 a.u. The RHF limit. of 37.0 a.u. is only 79% of the correlated value.
Literature values for a3 are scarce. Doran31 obtained a value of 30.4 a.u. using Brueckner-Goldstone perturbation theory. M&a&ran et al. 32 used the coupled Hartree-Fock approximation and found a value of 34.271 a.u., which compares well with the RHF limit of the present work (37.0 a.u.). Their values for a1 and a2 (2.377 and 6.423 a.u., respectively) are also in good agreement with the present Andings (2.37 and 6.45 a.u., respectively).
There are several trends that emerge from studying the basis set dependence for al, a2, and a3. As expected from perturbation theory arguments, the symmetry type of the most important polarization function for each property progresses from d to f to g. The amount of diffuse character required in the basis set also increases. Finally, the fraction of each property that is due to correlation increases steadily, from 10% to 14% to 21%.
Optimized augmenting functions
The even-tempered expansions used to this point have performed in a very consistent manner. They exhibit a decided tendency toward smooth convergence as a function of the number of diffuse functions added to the standard cc-pVXZ sets (x-aug dependence). However, there is no reason to~expect that an even-tempered expansion will be the most rapidly convergent one. For that matter, a certain arbitrariness wasused in determining the diffuse exponents. It is therefore of some interest to examine explicit optimization of diffuse functions for the static electrical properties.
Unfortunately, various problems developed in the course of the attempted optimizations. Some were questions of stategy, such as which functions should be optimized for which properties. Others were more fundamental difficulties, such as a tendency of properties such as the hyperpolarizability and the quadrupole polarizability to blow up to unphysical values.
In light of the importance of d, f, and g functions for the dipole, quadrupole, and octopole polarizabilities, respectively; exponents for each of these symmetries were optimized for the corresponding property. s and p functions contribute predominantly to al and (x2, respectively. Optimizations were carried out at the MP2 level. Table IX(a) lists the optimal exponents, and Table IX(b) notes the corresponding properties.
The optimized exponents are somewhat more diffuse than the values used in the aug-cc-pVXZ sets (compare to the column of a values for Ne in Table III ). It is also clearly evident that a single optimized function performs better than the arbitrary first set of diffuse functions present in the singly augmented sets. For example, the cc-pVDZ set with the optimized spd functions predicts the dipole polarizability (ai) of Ne to be 2.30 a.u.; this compares to a value of 1.99 a.u. for the aug-cc-pVDZ set, 2.695 a.u. for the extrapolated x-aug-cc-pVDZ limit, and an experimental value of 2.669 a.u. The properties for the ccpVQZ set plus optimized spdfg functions, .a1=2.69, y=91.7, a,=7.30, and a,=37.5 a.u., compare fairly well with the MP2/x-aug-cc-pVQZ limits established previously of aI =2.71, y= 112, a2=7.6, and a3=47.3 a.u. The discrepancies become larger for the higher polarizabilities, and the hyperpolarizability is shy of the limit by 20 a.u.
Unfortunately, all attempts to optimize a second diffuse function of each symmetry failed; problems were encountered with nonphysical, divergent values. There were even problems with the dipole properties. al can be used to optimize a second s and d function (and reoptimize the first functions of those symmetries), but y blows up as a consequence. The even-tempered expansion is slower, but the convergence is more consistent and dependable.
B. He Table X presents data for the properties of He and the estimated x-aug limits. The methods have been restricted to RHF, MP2, and CCSD. With only two electrons to correlate, the latter is equivalent to performing the full CI calculation. The same properties which were examined for Ne (aI, y, a2, and a3) have also been computed for He. The DZ results for a2 and the DZ and TZ results for a3 were identically zero and have been omitted. The trends are much the same as for Ne, though there is a shift in which angular symmetry is most important for each polarizability (p functions are now most important for al and so on). This is a straightforward consequence of the fact that the valence orbital in He is the 1s orbital rather than the (2s,2pj orbitals of Ne. The properties of He are easier to describe than those of Ne. Most require only two diffuse functions before saturation is achieved. Even in the worst case, the octopole polarizability, the third set of diffuse functions makes a contribution no larger than about 10%. As in Ne, there is little variation in the x-aug limits for each basis set. For example, the DZ, TZ, and QZ limits for al at the CCSD level of theory decrease, respectively, from 1.395 to 1.388 to 1.385 au. Correlation is much less important for He than it is for Ne, but it does become more significant for the higher polar&abilities. Using the QZ limits for RI-IF and CCSD, the correlation effects are al, 4.6%; y, 16.5%; a2, 5.2%; and a3, 6.1%.
Helium has been treated very accurately by previous workers. The recommended values of the present work (CCSD/x-aug-cc-pVQZ limits) are al = 1.385 a.u., y=42.4 a.u., a,=2.42 a.u., and a,=10.62 au. The values of Rice et a1.24 for al and y are 1.384 and 43.6 a.u., respectively (CCSD with spdf functions). Visser -et al. 33 i computed values of a1=1.385 a.u., a,=2.445 a.u., and a3 = 10.60 a.u., while Bishop and Pipini5 find values of al ==1.383 a.u., a2=2.445 a.u., and a, =10.62 a.u. using explicitly correlated wave functions. The value of Bishop and RCrat34 for y is 43.1 a.u. There is excellent agreement between all of these results and the present numbers. The SCF results of Bishop and Cybulski30 computed with a (18s14plOd6f) uncontracted set are a1=1.3222 a.u., y=36.03 a.u., and a2=2.3263 a.u. The RHF/x-aug-ccpVQZ limits are slightly below these numbers.
C. Ar Table XI presents data for the properties of argon along with the estimated x-aug limits. The methods include RHF, MP2, MP4, and CCSD (T) . .Except for y, the MP4 and CCSD (T) values are in nearly exact agreement and differ little from the MP2 results. The dipole hyperpolarizability is the one area where the correlated methods substantially disagree, and this is due to the instability of the total energies computed using MP theory (the MP2 results are too unstable to even include in Table XI) . The trends for Ar are very similar to those of Ne and He. Using the x-aug-cc-pVQZ limits for RHF and CCSD (T) , the correlation effects are al, 3.5%; y, 17.2%; az, 4.6%; and a3, 3.7%. Correlation actually makes a smaller contribution for Ar than for Ne and He.
The recommended values for the properties of Ar from the present work [CCSD (T)/x-aug-cc-pVQZ limits] are a,=11.12, y=1174, a2=52.8, and a3=593 a.u. Themeasured value for a1 is 11.08 a.u.22 The two experimental numbers for the hyperpolarizability are 1167 f 6 a.u. (Ref. 35) and 1101 i 8 a.u. (Ref. 36) . The best theoretical values from the literature compare very well with the current results, althougKthere is more variation for Ar than for Ne and He. Rice et aLz4 found al = 11.2 au and y= 1220 a.u. Cernusak et a1.37 report values of al= 11.23 a.u., y= 1329 a.u., and a,=53.58 a.u. using MP4 and a contracted set of [9s7p5d3f] . The values of Maroulis and Bishop'* near the HF limit are al=10.73 a.u., y=1190 a.u., and a,=49.26 a.u. Finally, Bulski et aL39 used MP4 and a [9s7p3d2 f2g] contracted basis set and found al=10.77 a.u., a,=50.51 a.u., and a,=525 a.u. Our values for a1 and a2 are comparable to previous work, and our result for a3 is probably the most-converged value to date. The variation in y is very large, however. Although our recommended CCSD (T)/xaug-cc-pVQZ limit of 1174 a.u. is close to the most recent experimental result of 1167 a.u., the CCSD(T)/x-aug-ccpVTZ limit is much larger, 1254 a.u. In light of the problems that have been encountered with optimizing functions in Ne, it may not be possible to predict a correlated value for y with much certainty. The SCF results of Bishop and Cybulski3' using a (23s17p13d7f ) set are al= 10.757 a.u.; y=958.9 a.u.; and a,=50.193 a.u. Agreement with the RHF/x-aug-cc-pVQZ limits is very good for a1 and a2, but our RHF value for y is apparently overestimating by about 15 a.u.
V. DIPOLE POLARlZABlLlTlES OF SELECTED ANlONS AND MOLECULES
To further test the multiply augmented basis sets discussed here, calculations were carried out on the fluoride and chloride anions and on the HCl and Nz molecules. A. F-and CI- Although the fluoride and chloride ions are isoelectronic with Ne and Ar, they are more difficult to describe due to the diffuse character of the anionic charge distributions. However, understanding the properties of these species is of interest to workers who model the solvation'of negative ions.& Table XII presents data for the dipole polarizabilities of F-and Cl-and the estimated x-aug limits. RHF, MP2, MP4, and CCSD (T) results are shown for the DZ and TZ series of basis sets with up to four sets of diffuse functions added. While it is clear that for the neutral rare gas atoms a1 is not strongly dependent on f functions, it is not obvious a priori that this will also hold for anions. The results, however, do indicate that f functions do not make a significant contribution to the dipole polarizabiity of F-and Cl-. The x-aug-cc-pVTZ series limits are, in fact, slightly smaller than the corresponding DZ limits. The value of al for the rare gas atoms also dropped slightly, but only on expanding from the TZ to the QZ series. For F-, there is significant variation in the limiting values of a1 at different levels of theory, with the ordering MP4 > CCSD(T) > MP2>RHF. The same ordering occurs for Cl-, but the numbers exhibit less variation. In particular, the CCSD(T) and MP4 numbers for Cl-are nearly the same, while the corresponding values for Fdiffer by more than 3 a.u.
Correlation is important to both species, although much more so for F-than for Cl-. Using the CCSD (T) and RHF limiting values for comparison, almost 40% of the dipole polarizability of the fluoride ion is due to correlation. This decreases to 17% for Cl-.
The recommended values of a, from the present work are 17.27 a.u. (F-) and 37.89 a.u. (Cl-). Very few values for these properties have appeared in the literature. Nelin et aLs' report a value for F-of 15.1 au., which is slightly below our CCSD(T)/x-aug-cc-pVDZ limit. The MP4 result of Diercksen and Sadlej4' for Cl-is 37.5 a.u. A more recent number by Kellii'et a1., 43 38 .1 a.u., is in nearly exact agreement with the present work, B. N2 and HCI To test the use of the proposed basis sets in molecular calculations, the dipole polarizability components of-Nz and HCl have been calculated. The results may be found in Tables XIII and XIV, respectively. For both molecules, the equilibrium geometries determined at the CCSD (T) level with the appropriate cc-pVXZ sets were used for all methods. For HCl, the extra diffuse functions were added only to the Cl atom; only singly-augmented sets were used for H. It is .evident that additional diffuse functions play a very reduced role for N2. The doubly-augmented values are generally only 0.03 to 0.25 a.u. lower than the singly augmented results. The third diffuse function contributes very little. The x-aug-cc-pVDZ series has limiting values of 10.44 a.u. for the perpendicular axx component and 15.45 a.u. for the parallel a, component at the CCSD (T) level of theory. The average polarizability [E = (2a,+ a,)/31 is 12.11 a.u., which overshoots the experimental value of 11.8 au. (Ref. 44) by less than 3%. The average polarizability using the TZ series, 11.86 au., is closer to the experimental result. Maroulis and Thakkar45 found RHF values of a==9.788 a.u., a,= 14.960 a.u., and a= 11.51 a.u. with a [6s4p3dlf] contracted set. Sekino and Bartlett46 reported CCSD(T) values of an= 10.1290 a.u., a,= 14.9975 a.u., and a= 11.75 a.u. Correlation makes only a minor contribution to describing the polarizability of N2, and there is little difference between the MP4 and CCSD (T) numbers.
In HCl the additional diffuse functions in the doublyaugmented sets make somewhat larger contributions than in N1, but the third function again contributes very little. There is also much better agreement between the x-aug-ccpVDZ and x-aug-cc-pVTZ estimated limits. The x-aug-ccpVT% limits of Z at the RHF and CCSD (T) level are 16.76 and 17.42 a.u., respectively. Correlation therefore accounts for less than 4% of aI in HCl, which is much smaller than the 17% contribution noted above for Cl-. The recent work by Hammond and Rice4' reports CCSD(T) results of a&= 16.649 a.u., a,=18.420 a.u., and E-17.24 a.u., which are very similar to the present values.
Vi. CONCLUSIONS
This work focused upon the use of correlation consistent basis sets for calculating the electrical response properties (dipole, quadrupole, and octopole polarizabilities and hyperpolarizability) of the rare gas atoms. Several correlated methods were studied, including MP2, MP3, MP4, CCSD, CCSD (T) , and CISD. To converge the polarizabilities, even-tempered sets of diffuse functions were added to the aug-cc-pVXZ basis sets to form doubly-, triply-, and quadruply-augmented sets. With the multiply augmented sets, converged results were obtained for all of the electrical properties of the rare gas atoms. These calculations show that CCSD(T) wave functions provide an accurate description of the electrical response properties of the rare gas atoms; both MP2 and MP4 wave functions provide results of nearly comparable accuracy.
Calculations of the dipole polarizability were also performed on a selected group of anions and molecules. Regular convergence was again observed. Correlation makes substantial contributions to the polarizabilities of the Fand Cl-anions but is much less important for N, and HCl.
Besides their obvious use in calculating the electrical response properties of other atoms and molecules, the extended basis sets can be used to investigate the convergence of the dispersion forces that bind the weakly interacting rare gas dimers Hq, Nez and Ar,. Studies paralleling the present work" indicate that calculations performed with these sets do very well at describing the van der Waals binding force of these very weakly bound species.
